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Edited by Sandro SonninoAbstract The membrane–membrane fusion during fertilization
of oocyte by spermatozoa is believed to be mainly mediated by
so called ‘‘fusion proteins’’. In the present study we have tried
to demonstrate that beside the proteins, lipid components of
membrane may play an important role in fusion of oocyte with
spermatozoa. Conventional membrane–membrane fusion assays
were used as means to demonstrate fusogenic potential of human
sperm membrane lipids. The liposomes (spermatosomes) made of
the lipids isolated from sperm membrane were found to undergo
strong membrane–membrane fusion as evident from ﬂuorescence
dequenching and resonance energy transfer assays. Furthermore,
the fusion of these liposomes with living cells (J774 A.1 macro-
phage cell line) was demonstrated to result in an eﬀective transfer
of a water-soluble ﬂuorescent probe (calcein) to cytosol of the
target cell. Lastly, the liposomes were demonstrated to behave
like eﬃcient vehicles for the in vivo cytosolic delivery of the anti-
gens to target cells resulting in elicitation of antigen speciﬁc
CD8+ T cell responses.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Membrane–membrane fusion is a ubiquitous cell biological
progression process of various physiological events including
phagocytosis, exocytosis, membrane traﬃcking and cell divi-
sion, etc. The extracellular membrane–membrane fusion in-
volves interaction of viruses with host cells, gamete formation
in sexual reproduction and myotube formation in organ devel-
opment, etc. In general, vesicular and target membranes thatAbbreviations: APC, antigen presenting cell; CTL, cytotoxic T lym-
phocyte; LUV, large unilamellar vesicle; PtdCho, phosphatidylcholine;
Chol, cholesterol; OVA, ovalbumin; DMEM, Dulbecco’s modiﬁed
Eagle medium; HBSS, Hanks balanced salt solution; NBD-PE, L-(ph-
ophatidylethanolamine)-N-(4-nitrobenzo-2-oxa-1,3-diazole); Rh-PE,
N-(lissamine rhodamine B sulfonyl) phosphatidylethanolamine; RET,
resonance energy transfer; MHC-I, class I major histocompatibility
complex; MHC-II, class II major histocompatibility complex
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doi:10.1016/j.febslet.2006.03.015are to be fused contain v and t SNAREs showing the role of
complex assemblies of proteins, in promoting membrane fusion
[1]. Besides SNARE complexes, large number of evidences sup-
port the role of various other fusion proteins like fertilin and
cryitestin (cf. sperm and oocyte plasma membrane) in mem-
brane–membrane fusion as well [2,3]. Viral coat proteins are
believed to facilitate fusion of virion particles with plasma
membrane of the host cells. The acidic environment of endo-
somal compartment induces conformational changes in the vir-
al coat protein such as hemagglutinin of inﬂuenza virus and the
glycoprotein complex of Semliki Forest virus that ensues trans-
fer of genetic material of the invading viruses to the cytosol of
the host cells. Similarly, Sendai virus also exploits its coat pro-
teins to fuse with plasma membrane of the target cells to inject
its genetic material [4,5].
In the present study, we have tried to focus on fertilization,
which marks the beginning of a multitude of events that con-
vert a single cell to a multicellular organism, involving vari-
ous fusogenic molecules important in sperm-egg adhesion
and fusion. Membrane–membrane fusion events occurring
in biological systems have been mainly attributed to the fus-
ogenic protein while lipid components have received least
attention. However, a more systematic and thoughtful insight
in such events advocates substantial role of lipid components
of membranous vesicles and plasma membrane of the cells
[6]. Sperm membrane have an unusual lipid composition
(Table 1), which is distinct from those of mammalian so-
matic cells, strongly suggestive of their role in membrane–
membrane fusion leading to the transfer of genetic material
[7,8].
Besides forming an integral component of plasma membrane
and other membrane bound vesicles, phospholipids can form a
variety of non-lamellar lipid assemblies. Most of these non-
lamellar structures have been proposed as intermediates in
membrane fusion. In fact, fusion of pure lipid bilayers and bio-
logical membranes is strongly modulated by lipid additives
that alter membrane curvature [6]. Drastic changes in the lipi-
dic composition during capacitation are fore requisite for
sperm-ova fusion. Moreover, the migration of membrane pro-
teins from the acrosomal head towards the equatorial region
could also facilitate membrane fusion.
We have veriﬁed the proposed fusogenic properties of sperm
membrane lipids employing routine membrane fusion assays.
Also, the in vivo administration of spermatosome-encapsulate
antigen was shown to induce a strong cytotoxic T lymphocyteblished by Elsevier B.V. All rights reserved.
Table 1
Major lipids in human spermatozoa
Component nmol/108 cells
Phospholipida
Choline diacylglycerophospholipid 37.0
Ethanolamine diacylglycerophospholipid 31.5
Choline plasmalogen 12.5
Ethanolamine plasmalogens 20.0
Phosphatidylserine 8.5
Phosphatidylinositol 6.1
Phosphatidylglycerol 0.6
Sphingomyelin 20.0
Cardiolipin 2.1
Total phospholipid 138.3
Fatty acidsa (chain length: number of double bonds)
Saturated fatty acids
Hexadecanoic (palmitic) (16:0) 105.5
Octadecanoic (stearic) (18:0) 35.9
Unsaturated fatty acids
Octadecenoic (oleic) (18:1) 32.6
Octadecadienoic (linoleic) (18:2) 23.2
Icosatrienoic (20:3) 14.9
Icosatetraenoic (arachidonic) (20:4) 20.1
Docosahexaenoic (22:6) 108.0
Sterolsa
Cholesterol 133.0
Desmosterol 78.5
Total sterols 211.5
Glycolipidsb 6.4
aAdapted from Alvarez and Storey [7].
bAdapted from Mack et al. [8].
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fusogenic potential of human sperm membrane lipids.2. Materials and methods
2.1. Animals
Female Balb/c mice (5–6 weeks old), weighing 20 ± 2 g, were ob-
tained from Unit’s Animal House Facility. Animals were fed with pel-
let diet and water ad libitum.
2.2. Chemicals and reagents
Egg phosphatidylcholine (PtdCho) was prepared using the standard
method as described previously [9]. Cholesterol (Chol) was purchased
from Centron Research Laboratory, Bombay, India, and crystallized
three times with methanol prior to its use. Calcein was a kind gift from
G.C. Varshney (IMT, Chandigarh, India). Amphotericin B was pur-
chased from Sigma Chemical company (St. Louis, MO, USA). Dul-
becco’s modiﬁed Eagle medium (DMEM), Hanks balanced salt
solution (HBSS) and foetal bovine serum were obtained from Life
Technologies (Grand Island, NY, USA). Ovalbumin (OVA) was pro-
cured from Sigma Chemical Company. The ﬂuorescent probes, L-(pho-
phatidylethanolamine)-N-(4-nitrobenzo-2-oxa-1,3-diazole) (NBD-PE)
and N-(lissamine rhodamine B sulfonyl) phosphatidylethanolamine
(Rh-PE) (Avanti polar lipids) were a kind gift from A. Puri (NIH,
Frederick, MD, USA). Anti-Iad Ig, anti-(Mac 2) Ig and anti-L3T4
Ig were all gifts from G. Mishra (NCBS, Pune, India). [51Cr]sodium
chromate were bought from Bhabha Atomic Research Center (Trom-
bay, India). The amount of protein entrapped in the liposomes was
determined using the bicinchoninic acid protein assay (Pierce Chemical
Company). J774 A.1, a macrophage cell line, was purchased from
American Type Culture Collection (Rockville, MD, USA) and was
grown in DMEM (pH 7.2) containing L-glutamine (4 mM), sodium
pyruvate (110 mg l1), penicillin (100 U ml1), streptomycin sulfate
(100 lg ml1) and sodium bicarbonate (3.7 g l1) in 75 ml plastic bot-
tles (Costar, MA, USA) at 37 C, under 7.5% CO2.2.3. Sperm lipids
Human sperm membrane lipids were extracted following Bligh and
Dyer method using chloroform/methanol (3:2, v/v) as modiﬁed in
our lab [10]. The composition of lipid was analyzed by 2D thin layer
chromatography following published procedure [10].
2.4. Vesicle preparation
Unilamellar vesicles (diameter 100 nm) were prepared by sonica-
tion method as standardized in our lab [11]. Brieﬂy, dry lipid ﬁlm
was hydrated with Tris-buﬀered saline to form lipid suspension. To
get homogenous liposomes dispersion, hydrated lipids were sonicated
for 1 h in bath type sonicator at 4 C (Sonorex, Germany). Liposomes
were centrifuged for 10 min at 11500 · g at 4 C in Sigma centrifuge to
remove large lipid aggregates [11].
2.5. Spermatosome–spermatosome fusion
The calcium induced lipid mixing of unilamellar vesicles was moni-
tored by incubating vesicles with varying concentration of calcium ion
and the fusion potential was assayed by measuring turbidity at 500 nm.
In another set of experiment, lipids mixing of vesicles were determined
in the presence of calcium ions for various time periods and turbidity
measurement was done as mentioned earlier [11].
2.6. Resonance energy transfer
The calcium induced lipid mixing of spermatosomes was followed by
resonance energy transfer (RET) employing the ﬂuorescent probes
NBD-PE (photon donor, k absorption 470 nm, k emission 530 nm)
and Rhodamine-PE (photon acceptor, k absorption 540 nm, and k
emission 585 nm) [12]. Unprobed lipids, N-NBD-PE and N-Rh-PE
were mixed in the molar ratios of 96.8:2:1.2 to form Unilamellar vesi-
cles. The excitation wavelength was chosen to be 20 nm below the
absorption maximum of NBD to allow better resolution between the
scattered light peak and the NBD emission peak; as well as less direct
excitation of rhodamine is expected. All the RET experiments were
performed in the phosphate-buﬀered saline (10 mM PO34 , 150 mM
saline, pH 7.4). The total volume in the cuvette was 2 ml, concentration
of probed vesicles was 0.33 lM/ml and the concentration of unprobed
vesicles was 4 lM/ml. The low ratio of probed to unprobed vesicles
(1:12) was chosen to increase the probability of eﬀective fusion of
probed vesicles with that of unprobed vesicle [12].
Data is expressed as eﬃciency of energy transfer, E, which is deﬁned
by the relationship [12]:
E ¼ 1 F =F 0
where F is the NBD-PE ﬂuorescence in the presence of N-Rh-PE
and F0 is the NBD-PE ﬂuorescence at maximal dequenching. F0
was measured by disrupting the vesicles with Triton X-100 (1% ﬁnal
concentration).
2.7. Dequenching assay
Fusion between vesicles was conﬁrmed with release of self-quenching
concentration of NBD-PE. NBD-PE at 5 mol% was incorporated into
spermatosomes by established procedures. Probed and unprobed vesi-
cles were mixed in a molar ratio of (1:10, 1:30, 1:60, 1:100) in the pres-
ence of 5 mMCa2+. Fluorescence wasmeasured spectroﬂuorometrically
by exciting NBD-PE at 470 nm, and recording its emission at 530 nm:
% dequenching ¼ 100 ðF  F 0Þ=ðF t  F 0Þ
where F, F0, and Ft are the ﬂuorescence intensities at time t, 0 min and
after disrupting vesicles with Triton X-100 (1% ﬁnal concentration),
respectively.
2.8. In vitro stability of calcein bearing spermatosomes
The stability of spermatosomes was assessed by determining the re-
lease of ﬂuorescent probe calcein from spermatosomes and egg PC lip-
osomes in absence and presence of serum components. The incubation
mixture was consisted of one volume of liposomal formulations of cal-
cein with nine volumes of fetal calf serum. The reaction mixture was
incubated at 37 C for various time periods. After stipulated time per-
iod, the mixture was centrifuged at 5000 rpm for 15 min. The amount
of the calcein released from the liposomes in the surrounding incuba-
tion mixture was calculated as a percentage of total calcein content in
liposomes added to the serum at the initial time.
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The in vivo stability and pharmacokinetics of various liposomal for-
mulations were performed in Balb/c mice. Amp B, a polyene antibiotic
was used as model drug to perform pharmacokinetics studies. The
amphotericin B was intercalated in spermatosomes and its intercala-
tion eﬃciency was estimated by HPLC method. Brieﬂy, the 20 ll sam-
ple (22 nmol lipid Pi) was injected onto a Hypersil octyldecyl-silane
5 lm particle size analytical column (150 by 4.6 mm [internal diame-
ter]). Detection was accomplished with a UV–visible-light detector
set at 405 nm. Calibrating peak area versus amount of the drug in-
jected into column plotted a standard curve of amphotericin B. The
intercalation eﬃciency of amphotericin B in both plain egg PC and
spermatosomes were found to be around 90 ± 4%.
Liposomal formulations of amphotericin B at the dose of 7 mg/kg
(single dose in 0.2 ml volume) were administered via intravenous route.
The blood samples from three mice of each group were collected by
retro-orbital puncture at each time point (15, 30 min and 1, 2, 4, 6,
12 and 24 h) over a period of 24 h after the administration of the drug.
The blood was centrifuged and serum was collected for determination
of the drug content. The samples were processed for the separation of
amphotericin B according to the published procedure [13]. An equal
volume (100 ll) of the sera and chilled HPLC grade acetonitrile were
mixed and incubated for 5–10 min. The mixture was vortexed for
30 s followed by centrifugation. The clear supernatant was separated
and ﬁltered through micropore before submitting to an assay. Stan-
dard model-independent techniques were used to determine the area
under the plasma concentration–time curve from 0 to 24 h (AUC0–
24), plasma clearance (Cl), and elimination half life (t1/2).2.10. Macrophage–spermatosome interaction
The interaction of antigen presenting cell (APC) viz.; macrophage
with the spermatosomes containing ﬂuorophores was checked by
observing the transfer of water soluble (calcein) as well as membrane
ﬂuorescent markers to the macrophages. The J774 A.1 (1 · 106 cells)
were cultured overnight on a sterile cover slip in DMEM containing
10% fetal bovine serum. The cells were washed with DMEM and incu-
bated at 4 C for 2 h. After washing once with fetal bovine serum-free
DMEM, the cells were pulsed with calcein containing large unilamellar
vesicles (LUVs) for 60 min in fetal bovine serum-free DMEM at 37 C.
After extensive washing, the ﬁxed macrophages were observed under
Leitz ﬂuorescence microscope at 100·, using an I 3 ﬁlter. In another
set of experiments membranes of spermatosomes were labeled with
5 mol% of NBD-PE. The J774 A.1 cells (1 · 106) were cultured over-
night on a sterile cover slip in DMEM containing 10% FCS. The cells
were washed with DMEM and incubated at 4 C for 2 h, followed by
incubating with NBD-labeled liposomes for 60 min after one wash in
DMEM alone at 37 C.Fig. 1. The Ca2+ mediated aggregation of lipid vesicles: Calcium
induced aggregation of spermatosomes was monitored by determining
its absorbance at 500 nm. Increase in turbidity was determined by
incubation of spermatosomes (13 lM lipid Pi) with varying concen-
tration of calcium ion in presence of phosphate buﬀer.2.11. CD8+ T lymphocyte response
Eﬀector cells: Various groups of Balb/c mice were injected separately
with three diﬀerent doses (subcutaneously on day 0, 7, and 14) of free
OVA, sham spermatosome, sham spermatosome mixed with free
OVA, OVA entrapped spermatosome, OVA encapsulated in egg Ptd
Chol/Chol (100 lg OVA per animal per week) for 3 weeks. On day
21, animals were sacriﬁced and the spleens were removed aseptically.
The spleen tissue was macerated, and the supernatant was separated
by simple decantation. The erythrocytes were removed by treating with
Gey’s solution (3 ml per spleen) for 10 min on ice [14]. The cells were
washed three times with HBSS, and then allowed to adhere at 37 C
for 1 h to remove the macrophages. The remaining cells were passed
through nylon wool column for removing B-lymphocytes. The residual
macrophages and B cell along with CD4+ T lymphocytes were ﬁnally
removed by treating the above cell suspension with a cocktail of
anti-(Mac 2) Ig (2 lg per spleen) at 4 C for 30–45 min, followed by
treatment with baby rabbit complement at 37 C for 30 min. The dead
cells were removed by the Ficoll-Hypaque density gradient method.
The remaining cells, comprising mainly of CD8+ T cells, were washed
with cold HBSS, counted, and used in later experiments. The enriched
population stained with anti CD8 Ig, was >98% pure, as evaluated by
FACS scan.
Target cells: Balb/c mice were injected with thioglycollate broth. On
day 4, peritoneal macrophages were harvested and washed three times
with HBSS. The cells (2 · 107 cells per ml) were incubated separately
with OVA encapsulated in LUVs and free OVA, at 37 C for 1–2 h.The cells were washed three times to remove the free antigen. This
was followed by incubation with 51Cr (100 lCi, 51Cr for 2 · 107 cells)
for 45–60 min at 37 C. The cells were ﬁnally washed with RPMI med-
ium and were used as target cells.
Cytotoxicity assay: The 51Cr labeled macrophages (1 · 106 per
500 ll) were incubated with CD8+ T cells (1 · 107 per 500 ll) at
37 C for 6 h. The cells were pelleted at 3000 · g (15 min, 4 C). And
the amount of 51Cr released was determined by measuring the radioac-
tivity in the supernatant. In another set of experiments, the target cell
lysis was determined using the ﬁxed number of target cells incubated
with eﬀector cells at diﬀerent target/eﬀector ratios.
Total 51Cr release was calculated by treating an aliquot of the cell
suspension with Triton X-100 (10% ﬁnal concentration). Spontaneous
release of 51Cr was determined by incubating the 51Cr labeled macro-
phages for 6 h, then measuring the released radioactivity in the super-
natant. The amount of spontaneous release was subtracted from the
total release to determine the extent of macrophage lysis.
In most experiments, the spontaneous release was less than 25%. The
percentage speciﬁc release was calculated as follows [15]:
½ðmean sample c.p.m.Þ  ðmean spontaneous c.p.m.Þ
½ðmean maximum c.p.m.Þ  ðmean spontaneous c.p.m.Þ  1003. Results
3.1. Calcium ion induced aggregation/precipitation
To check the Ca2+ induced aggregation of spermatosomes,
the increase in turbidity was noted on increasing concentration
of calcium ion as shown in Fig. 1. Further increase in turbidity
was measured in the absence and presence of 5 mM Ca2+ ion
at diﬀerent time intervals. Figs. 1 and 2 show the increase in
O.D. at 500 nm. An increase in absorbance with concentration
and time was observed that clearly indicates calcium ions med-
iated (lipid phase transition) fusion of the lipid vesicles. No in-
crease in turbidity was observed when PC-liposomes were
incubated with Ca2+ under similar conditions.
3.2. Resonance energy transfer
The RET assay was performed to check time-dependent
membrane fusion assay between unprobed lipids and probed
lipids containing NBD-PE and Rhodamine-PE in the presence
of Ca2+ ion (Fig. 3). The eﬃciency of RET between these ﬂuo-
rophores has been shown to depend on their concentration in
Fig. 2. Time dependent Ca2+ induced aggregation of lipid vesicles:
Eﬀect of time on spermatosome aggregation in the presence of 5 mM
Ca2+ (s) and in the absence of Ca2+ (d) was monitored by measuring
absorbance at 500 nm.
Fig. 3. The eﬃciency of energy transfer between NBD and rhodamine
incorporated on the surface of spermatosome upon mixing with
unlabeled probes. Labeled probe (spermatosome-NBD-PE and Rh-
PE) and unlabeled probe (spermatosome) (d), and egg Ptd Chol/Chol
labeled and unlabeled vesicle (s) in the presence of 5 mM Ca2+.
Fig. 4. Dequenching assay: Interaction of NBD-PE labeled sperma-
tosomes with unlabeled spermatosome. Spermatosome containing self-
quenched concentration of NBD-PE (5 mol%) were allowed to interact
with unlabeled spermatosome (d) in a molar ratio of 1:10, 1:30, 1:60,
and 1:100. The NBD ﬂuorescence was monitored by, using the
excitation and emission wavelengths of 470 and 520 nm, respectively.
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the unprobed vesicle population, leads to the reduction of en-
ergy transfer followed by the lateral diﬀusion of the ﬂuorescent
lipids in the plane of newly formed membrane upon dilution.
Around 42% dequenching is observed after 60 min, which sug-
gests that the vesicles have undergone fusion. Lipid vesicles
made of phosphatidyl choline (non-fusogenic liposomes) do
not show any decrease in RET between probed and unprobed
lipids in the presence of 5 mM Ca2+. The probe dilution meth-
od is known to be insensitive to vesicle aggregation [17]. Fur-
thermore, the ﬂuorescent probes employed (viz. NBD and
rhodamine), have been shown not to undergo any exchange
between the phospholipid vesicles [17]. The observed decrease
in RET eﬃciency shows that it is due to vesicle–vesicle fusion;
as predicted from the natural event of sperm–oocyte fusion.
3.3. Dequenching assay
Dequenching of NBD-PE conﬁrmed the result of above
experiment. Dequenching, evidenced by the increase in emittedlight (Fig. 4) indicated dispersion of the NBD-PE molecules
into the unlabeled spermatosome, conﬁrming fusion deter-
mined by RET. The rate of fusion varies in concordance with
increase in lipid ratio.
3.4. In vitro and in vivo stability of spermatosome
The stability of various formulations was determined by
their ability to retain ﬂuorescent probe calcein under diﬀerent
incubation conditions. Spermatosomes incubated with PBS
(10 mM phosphate, pH 7.4) were found to release 7.4% of
the total encapsulated calcein in 6 h. On the other hand, egg
PC liposomes released 12.1% of the total encapsulated calcein
in the same time period. Both liposomal formulations were less
stable in the presence of serum component. As evident from
data shown in Fig. 5A, spermatosomes released 10.5%, while
eggPC liposomes released 19% of the total encapsulated cal-
cein. The in vivo stability of liposome was assessed by moni-
toring amount of AmpB in the blood plasma of the animals
treated with various liposomal formulations Fig. 5B. The plas-
ma levels of AmpB for its free, spermatosome-AmpB, neutral
Lip-AmpB, negative Lip-AmpB and positive Lip-AmpB were
8.0 ± 1.2, 79 ± 3.0, 64 ± 3.5, 74 ± 3.5, 45.5 ± 2.5 mg/l, respec-
tively, after 15 min of drug administration.
3.5. Spermatosome fusion with the target cells
Fusion of the spermatosome LUVs with the macrophage cell
line J774 A.1 was followed by monitoring the transfer of both
the water-soluble ﬂuorescent solutes and ﬂuorescent mem-
brane markers from LUVs to the cells. For this purpose, LUVs
loaded with calcein were incubated with J774 A.1 cells. After
removing LUVs that did not interact, the cells were observed
using a ﬂuorescence light microscope. A signiﬁcant amount
of the solutes was transferred by the spermatosome LUVs
but not by the egg PtdCho/chol LUVs to the cytoplasmic com-
partment of the cells by membrane fusion (Fig. 6). The fuso-
genic potential of spermatosome was also conﬁrmed by
monitoring the transfer of ﬂuorescent membrane markers from
spermatosome to the living cells (data not shown).
Fig. 5. (A) In vitro release kinetics of ﬂuorescent probe calcein from
spermatosomes. Time-dependent leakage of spermatosome encapsu-
lated ﬂuorescent probe calcein was monitored by determining amount
of the calcein released in the surrounding medium at diﬀerent time
periods. Liposomes were incubated in phosphate buﬀer saline in
presence (s) or absence (d) of fetal calf serum. Similarly, egg PC
encapsulated calcein were incubated in absence (.) and presence of
fetal calf serum (,). Released calcein was determined by the
spectroﬂuorimetric method as described in Section 2. Data is
mean ± S.D. of three independent experimental values. (B) In vivo
release kinetics of model drug amphotericin B from spermatosomes.
Various liposomized formulation of amphotericin B (7 mg/kg) were
administered to Balb/c mice via intravenous route. Pharmacokinetics
of drug was studied by determining released Amp B in systemic
circulation. Blood samples were processed as described in Section 2
and Amp B content was determined by HPLC method. Free
Amphotericin B (d), Spermatosome-amphotericin B (s), neutral
lipid-amphotericin B (.), negative lipid-amphotericin B (,), positive
lipid-amphotericin B (j).
Fig. 6. Interactions of J774 A.1 cells with ULVs loaded with
ﬂuorescent probes. Fluorescence micrograph of J744 A. 1 macro-
phages after their interactions with ULVs loaded with calcein. (A, B)
Phase contrast and ﬂuorescence light micrographs, respectively, of the
macrophages interacted with spermatosomes for 60 min at 37 C. (C,
D) Phase contrast and ﬂuorescence light micrographs, respectively, of
the macrophages interacted for 60 min at 37 C with egg PtdCho/chol
ULVs loaded calcein.
Fig. 7. Induction of antigen speciﬁc CTL activity by immunization
with various formulations of OVA entrapped liposomes. The Balb/c
mice (ﬁve animals per group) were immunized with (d); PBS (s);
Sham spermatosome (,); free OVA (.); OVA-egg PtdCho/chol
liposomes (h); OVA-spermatosome (r); OVA-spermatosome. The
eﬀector cells were isolated from spleen of ﬁve mice, belonging to above
diﬀerent groups. The cells were pooled, puriﬁed and used for target cell
lysis assay. The target cells (thioglycollate elicited macrophages and
P815) were pulsed with eﬀectors cells isolated from diﬀerent groups
and labeled with 51Cr. Lytic activity was measured by incubation of the
eﬀector cells with target cells. The results are represented as, percent
speciﬁc lysis (51Cr release) of the target cells. Each value represents the
mean of three determinations ± S.D. Data is representative of ﬁve
independent experiments performed with similar results.
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spermatosomes to elicit eﬀective CTL response
The spermatosomes were found to elicit a positive CD8+ T
cell response, as analyzed by immunizing animals with various
forms of OVA. Interestingly, spermatosome encapsulated anti-
gen induce development of antigen speciﬁc cytotoxic T cell re-
sponse (Fig. 7). In contrast egg PC-encapsulated as well as free
do not show any CTL response. A considerable high degree of
(40%) of macrophage lysis occurred when the OVA encapsu-
lated in the spermatosomes, as compared to <1% speciﬁc lysis
in the group immunized with free antigen, sham liposome,
physical mixture of antigens, Egg PC entrapped antigens and
PBS.4. Discussion
Membrane–membrane fusion events occurring in biological
system are crucial for execution of various physiological activ-
ities. Fusion of two approaching membranes usually involves
micro domains of the order of nanometers (corresponding to
hundred to few thousand molecules). Infact, the main imped-
ance during membrane–membrane fusion is mainly because
2188 S.M. Atif et al. / FEBS Letters 580 (2006) 2183–2190of tightly bound water molecules masking lipid head groups.
In order to overcome such hydration mediated repulsive
forces, the hydrophobic moieties of the membrane have to rely
on external factors such as H+/Ca2+/or fusogenic protein, etc.,
or those, which can induce extreme curvature.
Membrane–membrane fusion of various membrane bound
vesicles is routine process; during evolutionary course of time
nature has introduced hydrophobic proteins as essential com-
ponents to make this process more eﬃcient. For example,
transfer of genetic material from spermatozoa to oocyte is
activated by protein-mediated fusion of their plasma mem-
branes. In the present study we have tried to establish that
beside fusogenic proteins (cf. fertilin, etc.), lipid components
of the membrane contribute signiﬁcantly in fusion of the
two gametes. While extrinsic fusogenic proteins facilitate
attractive hydrophobic interaction between the plasma mem-
brane of the two approaching gametes (spermatozoa and oo-
cyte), the extreme membrane curvature as well as local
changes in lipid composition play major role in eﬀecting
membrane–membrane fusion. In fact, the fusogenic lipids
such as PE, lyso phospholipids, DAG present in sperm mem-
brane bind less tightly with surrounding water molecules be-
cause of their shape and charge and need substantially very
little amount of energy to overcome repulsive hydration
forces that eventually helps in fusion of membranes. Cer-
tainly, nature has exploited such lipids in execution of mem-
brane–membrane fusion.
The present study shows that spermatosomes formed of
sperm lipids have an inherent tendency to undergo spontane-
ous membrane fusion. Conventional membrane–membrane
fusion assays such as ﬂuorescence dequenching or eﬃciency
of RET were used to evaluate fusogenic potential of sperm
lipids. The RET assay is known to be insensitive to vesicle
aggregation and also rules out the possibility of lipid probes
to undergo exchange between the membranes. It utilizes fu-
sion-mediated interaction between donor liposomes contain-
ing two ﬂuorophores, one an energy donor and other an
energy acceptor that utilizes emitted radiations for its excita-
tion. When a liposome containing pair of donor and acceptor
ﬂuorophores fuses with unprobed liposomes, both the donor
and acceptor ﬂuorophores diﬀuse and go farther apart from
each other. If the probed and unprobed liposome merely ad-
here or do not interact with each other, the donor and accep-
tor ﬂuorophores and their ﬂuorescence emission would not
change. As shown in Fig. 3, incubation of probed with unp-
robed spermatosomes ensue their fusion with each other. This
reduces the transfer of energy from NBD to rhodamine, con-
ﬁrming our results. We further monitor fusion eﬃciency of
spermatosomes by dequenching method as well. As with
RET, fusion of NBD-containing spermatosomes with another
population of spermatosomes devoid of the probe eventually
results in diﬀusion and dispersion of ﬂuorescent probe. As a
result, the surface density of ﬂuorophore decreases, hereby
decreasing the self-quenching of NBD. As shown in the
Fig. 4, signiﬁcant dequenching did occur that was accompa-
nied with an increase in ﬂuorescence, conﬁrming fusion of
the spermatosomes. Furthermore, dequenching produced sig-
niﬁcant results that are in concordance with RET experi-
ments. In contrast to RET assay, a single ﬂuorophore is
used that has capacity to quench its own emission when ﬂuo-
rophore molecules are close to each other. However, as with
RET, in true fusion, the ﬂuorophore molecules dispersethroughout the target membrane, increasing the spacing be-
tween them which increases the light emitted because the
self-quenching is reduced, after fusion of the two populations
of liposomes.
Similarly, we also demonstrated Ca2+ induce aggregation
(fusion) of lipid vesicles in concentration-dependent manner.
The fusion was mediated by Ca2+ the bivalent ion that is nor-
mally implied in various membrane–membrane fusion events
under physiological conditions [16]. The role of Ca2+ in mem-
brane–membrane fusion has also been supported in previous
reports from Jass et al. [18].
In next set of experiment we established that beside artiﬁcial
vesicles, spermatosomes have potential to fuse with plasma
membrane of target cells as well. We have demonstrated in
Fig. 6, that interaction of J774 A.1 cells with calcein bearing
spermatosomes result in eﬃcient delivery of ﬂuorescent marker
to the cytosol of target cells. Similarly, spermatosomes with
membrane bound ﬂuorescent probe NBD-PE transfer it to
the plasma membrane of target cell as evident from unique
ﬂuorescence pattern of these cells (data not shown). On the
other hand NBD labeled egg PC liposomes, in a manner sim-
ilar to calcein loaded egg PC liposomes were found to be taken
up by endocytic mode ensuing punctate type of ﬂuorescence
pattern.
The active endocytic mode for engulﬁng foreign substances
from systemic circulation enable APC to process and present
the antigen along with the class II major histocompatibility
complex (MHC-II) molecule on their surface. The complex
would then be recognized by helper T lymphocytes. On the
other hand, class I major histocompatibility complex (MHC-
I) peptide complex present on the surface of APC’s would
get recognized by CTLs [19]. Soluble antigens when adminis-
tered in free or egg PC liposome entrapped form are capable
of elicit humoral immune response [20–22]. However, delivery
of the same exogenous antigen in cytosol of the APCs can in-
duce strong CTL response [23–25]. Spermatosome when used
as vehicle to deliver model antigen (OVA) to the target cells
was found to elicit strong CTL response. This is possible in sit-
uations where the antigen is speciﬁcally delivered to the cytosol
of the APCs. This indirectly suggests that a soluble antigen like
OVA that normally does not activate CTLs (because of endo-
cytic uptake) can be made accessible to proteosome via its
delivery through fusogenic spermatosomes.
Because of the fast progress in vaccine development strate-
gies for improving immunization in the treatment of diseases,
the demand for appropriate delivery vehicles becomes increas-
ingly important [26–29]. This becomes more pertinent for the
infections where pathogens (Mycobacterium sps, Salmonella
sps, Brucella sps, Candida sps, Cryptococcus sps, Leishmania
sps, etc.) reside inside safe environment of host cells. To elim-
inate such cells, body immune system has to rely on CTLs. The
elicitation of humoral response requires uptake of antigen by
professional APCs and activation of antibody producing B
lymphocytes. In order to develop eﬀective vaccine, liposome
based delivery system have been appreciated extensively [30].
However, the major limitation of most of the particulate deliv-
ery systems is their inability to induce pathogen speciﬁc CTL
response. On the other hand, recently introduced pH sensitive
liposomes or virosomes, although successful in simultaneous
induction of CTL as well as humoral immune responses, are
generally associate with toxicity, cumbersome preparation
methodology and cost factors, etc. [31,32].
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attributed to the lipid components mainly as the Bligh Dyer
method used for extraction of lipid generally do not allow con-
tamination of proteins that could be considered as possible fac-
tor for the observed fusogenic properties. Moreover, our
preliminary studies such as chemical analysis, or SDS–PAGE
also negate the presence of proteins as contaminant (data not
shown). We further rule out protein contamination by passing
sperm membrane lipid to silica gel followed by elution with
chloroform and methanol (50:50) before its use in preparation
of spermatosomes. In fact, the strong fusogenic potential of
spermatosomes can be attributed to composition of their mem-
brane components. Apart from PE and lyso PC, presence of
fusogenic plasmalogens can be considered as major factor for
observed fusogenic behaviour of the lipid. As repulsive hydra-
tion forces arising from lipid head group bound water mole-
cules are generally overcome by PS/PE mediated dehydration.
These lipids also induce charge neutralization, cross-linking,
etc., of plasma membrane. Moreover, plasmalogens, diacyl-
glycerol, lyso phospholipids along with PE facilitate HII phase
that ultimately help in induction of local defects in lipid pack-
ing, a prerequisite for membrane–membrane fusion.
The present study provides evidence that lipid molecules
contribute heavily in fusion of spermatosome as shown by
the RET, ﬂuorescence dequenching assays and ﬂuorescence
microscopy, etc. Transfer of model antigen to the cytosol of
the macrophages ensuing elicitation of speciﬁc CTL responses
further substantiate fusogenic properties of spermatosomes.
Finally, we can conclude that present study oﬀer direct evi-
dence that beside fusogenic proteins, fusion of spermatozoa
and oocyte is generally mediated by lipid components as well.
Beside it also oﬀers a novel strategy for eﬀective delivery of
macromolecules such as potential antigens or gene to target
cells under physiological conditions.
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